-Comparison between the measured particle size distribution and the F (F3 and F3/8 scenarios) and HP models for some selected soil samples.
Introduction
The particle-size distribution (PSD) of the soil is a fundamental soil physical property and it is routinely measured to classify soils. Many investigations have shown that the PSD is also the basis for estimating soil hydraulic properties such as the water retention curve [Arya 1981; Fredlund 1994; Fredlund 2002; Haverkamp 1986; Saxton 1986] . A conventional particle-size analysis involves measuring the mass fractions of clay, silt and sand and using these fractions to classify the soil by a textural diagram. A more complete description can be obtained by using a theoretical PSD model.
The PSD of a soil has been assumed to be approximately lognormal [Campbell 1985; Shirazi 1984 ] but many other models have been proposed [Buchan 1989; Buchan 1993; Fredlund 2000; Jaky 1944; Nemes 1999; Shiozawa 1991] . The PSD models differ by their fitting ability, and the performances of a particular model may vary with the soil textural characteristics [Hwang 2004; Hwang 2002 ]. The selected model may have a significant impact on the estimated soil-particle percentage at a given particle-size limit [Nemes 1999 ], but only a few comparative studies of PSD models have been carried out in soil science [Hwang, 2004] . Buchan [1993] verified the adaptability of the lognormal distribution to 71 measured PSDs collected in New Zealand. Hwang [2002] and Hwang [2004] , using a data set of 1387 Korean soils, concluded that the Fredlund [2000] (F) model had the best performance with the majority of investigated soils. A practically important implication of this result is that a single PSD model can be used in large areas including soils with different textural characteristics. However, the conclusions by the Korean investigation have to be tested in other parts of the world. Another model needing further testing is the one by Haverkamp [1986] (HP), that was derived from the van Genuchten [1980] function representing water retention characteristics of soil. A particular form of the HP model was used in the recently proposed BEST (Beerkan Estimation of Soil Transfer parameters) method to facilitate the hydraulic characterization of unsaturated soils [Lassabatère 2006 ].
Fitting a theoretical PSD model to the measured one has been carried out using databases with different number of sampled particle diameters [Fredlund 2000; Haverkamp 1986; Hwang 2002 , Skaggs 2001 . Minasny [2007] suggested that at least five measurements of particle size fractions are needed to characterize PSD properly, but no detailed information is available on the relationship between the number of measured data points and the estimated model parameters.
The objectives of this study were to i) evaluate the ability of the HP and F models to fit 243 measured PSDs from a wide range of soil textures in Sicily, and ii) test the effect of the number of measured particle diameters on the fitting of the theoretical PSD.
Materials and methods
The Sicilian data-base contained 243 soil samples uniformly distributed throughout the island (Fig.1) , with a sampling density approximately equal to one sample per 100 km 2 .
For each sampling point, the PSD was measured using conventional methods following H 2 O 2 pretreatment to eliminate organic matter and clay deflocculation by sodium metaphospate and mechanical agitation. Fine size fractions were determined by the hydrometer method, whereas the coarse fractions were obtained by mechanical sieving. In particular, sieving analysis was carried out using six sieves with mesh sizes of 2000, 860, 425, 250, 106 and 75 µm. Eight fine fraction data points were obtained by the hydrometer method, measuring the suspension density at 2, 5, 15, 30, 60, 180, 1440 and 2880 min. The minimum diameter measured by the hydrometer method varied with the sample from 0.000821 to 0.000997 mm.
Particle-size fraction data were classified according to the USDA standards [Gee 1986 ]. The Sicilian soils data-base represented a wide range of soil textures. Table 1 lists the number of measured PSDs for each USDA textural class whereas Fig. 2 shows the textural composition of the Sicilian soils considered in this investigation.
For representing the measured PSD, the HP and F theoretical distributions were used. In particular, the HP model [Haverkamp 1986 ] is a functional relationship of the van Genuchten [1980] type:
(1)
where P(d) is the fraction by weight of soil particles having a diameter less than or equal to d (L), d g (L) is the scale parameter of the distribution and n is a shape parameter always assuming values greater than 1. In particular, an increase of d g shifts the curve towards higher diameter values whereas the distribution tends to become horizontal as n decreases (P(d) always equal to one for n = 1).
The F model presented by Fredlund [1994] and Fredlund [2000; in the unimodal form is the following:
(2) in which d m (L) is the diameter of the minimum allowable particle size, d f (L) is a parameter related to the amount of fines in a soil, α (L) is a parameter designating the inflection point on the curve, n F is a parameter related to the steepest slope on the curve (uniformity of the PSD), and m is a parameter related to the shape of the curve as it approaches the fines region [Fredlund et al., 2000] . According to the parametric analysis of eq.(2) developed by Fredlund [2000] , it follows that: i) if α increases, while the other parameters are held constant, the PSD of eq.(2) moves towards larger particle sizes; ii) the n F parameter influences the slope of the PSD; iii) the curve moves towards the smallest particle sizes when m decreases; and iv) large variations of the d f parameter produce a minimal influence on the curve. According to this last result, Fredlund [2000] suggested to use a constant d f value, equal to 0.001 mm. In the investigations by Hwang [2002] and Hwang [2004] , d f was considered to be a fitting parameter but d m was set equal to 0.001 mm [Hwang 2002] or 0.0001 mm [Hwang 2004 ].
For each soil sample, the two-parameter HP model (eq. 1) was fitted to the measured PSD using a nonlinear estimation technique. For the F model, taking literature indications into account, α, n F , m and d f were used as fitting parameters and d m = 0.0001 mm, which is lower than the minimum practically measurable diameter, was assumed (F4 scenario). The F model was also tested fixing d f at 0.001 mm, as suggested by Fredlund [2000] , and d m at 0.0001 mm (F3 scenario). This last fitting procedure reduced eq.(2) to a three-parameter unimodal PSD model. The estimation of the three parameters of the F model (F3 scenario) was also carried out using eight measurements, i.e. six measurements obtained by sieving and the first (at 2 min) and last (at 2880 min) hydrometer measurements (F3/8 scenario).
Therefore, the selected theoretical PSDs were characterized by two (HP model), three (F model, F3 and F3/8 scenarios) or four (F model, F4 scenario) parameters, with the aim to define the optimum distribution as the best model fitting the data with a low number of fitting parameters. This choice can be justified taking into account that the fitting performance generally improves as the number of fitted parameters increases even if the risk of overparameterization increases, too [Hwang 2002 ].
The model's performances were evaluated by the following indices:
(3) 005_Bagarello (547)_33 18 -11-2009 11:55 Pagina 34 (5) where N is the number of the measured pairs (diameter, d -frequency by weight, F i (d)) and P i (d) is the corresponding theoretical probability calculated by the selected model. The maximum error, MXE, is a local indicator of the goodness of the estimation provided by a given theoretical PSD model. The mean error, ME, reveals the presence of a possible bias (i.e., a systematic overestimation or underestimation of the fitted values). Finally, the root mean square error, RMSE, quantifies the scatter of the data points around the PSD model.
Results and discussion
The MXE, ME and RMSE values obtained with the F model and the F4 scenario (α, n F , m, and d f : fitting parameters; d m = 0.0001 mm) were compared with the corresponding values obtained by the same model and the F3 scenario (α, n F , and m: fitting parameters; d f = 0.001 mm; d m = 0.0001 mm) ( Fig. 3) .
For the MXE and RMSE indices, the data pairs were generally close to the 1:1 line. For the ME index, a systematic underestimation or overestimation was not associated with the use of a particular scenario. Therefore, using the F3 scenario instead of the F4 one made the fitting only slightly worse and confirmed that the d f parameter did not influence substantially the performance of the F model [Fredlund 2000 ]. Therefore, only the simpler F3 scenario was considered for subsequent analysis.
Note that with d f = 0.001 mm, as suggested by Fredlund et al. [2000] , and d m = 0.0001 mm [Hwang 2004 ], the term included into braces of eq. (2) is very close to 1 (in particular, it ranges from 0.999 to 1 for 0.00064 < d < 2 mm). This result suggested that the theoretical PSD may be written in the following simplified form:
(6) Fig. 4 compares the values of MXE, ME and RMSE calculated with the F model (F3 scenario) and the corresponding values obtained for the HP model. Generally, the two-parameter HP model yielded higher MXE, abs(ME) and RMSE results than the three-parameter F model, showing a better performance of this last model. This result was expected only in part, because other investigations have shown that increasing the number of parameters cannot always guarantee improved performances [Hwang 2002 ]. The F model yielded lower mean values of MXE and RMSE and a mean ME result closer to zero than the HP model for each soil textural class (Table 1) . Therefore, the F model showed the best fitting ability, as compared with the HP one, for all textural classes included in this investigation (Fig.5) .
Establishing in absolute terms the goodness of the performance of a selected PSD model is difficult because guidelines to classify the MXE, ME and RMSE results have not been developed. For a given PSD, a mean deviation between the measured and the predicted percentages by not more than 3% (i.e., RMSE < 0.03) could be considered to be practically negligible.
According to this approximate criterion, the HP model yielded, on average, satisfactory results for the clay and silty-clay soil textural classes, whereas the F model performed well in the clay, silty-clay, siltyclay-loam, silt-loam, clay-loam, loamy-sand, and loam soils (Table 1) . Therefore, both models performed better in finetextured soils than in coarse-textured soils, but only the F model yielded satisfactory results for the majority of the investigated soils, as also concluded by (547)_33 18 -11-2009 11:55 Pagina 35 Hwang [2002] for the Korean soils.
Table 1 also lists the mean values of MXE, ME and RMSE calculated for each soil textural class using the F model with the F3/8 scenario. As expected, using eight measured data pairs determined a fitting of the theoretical distribution to the complete measured distribution worse than the F3 scenario (Fig. 5) . A direct comparison between the F3 and F3/8 scenarios in terms of ME and RMSE results was not possible because a different number of data points was used in the two cases (N = 14 and N = 8, respectively).
However, the eight data points considered in the F3/8 scenario were a sub-set of the complete data set used in the F3 scenario. If a higher MXE result is obtained with the F3/8 scenario, then the conclusion must be that using a limited number of data pairs to fit eq.(2) determines a maximum discrepancy between measured and predicted frequencies higher than the one obtained by the complete data set. In this investigation, the F3/8 scenario yielded, on average, larger MXE results than the F3 one for eight soil textural classes out of ten (Table 1) . Moreover, the number of experimental data points used in the fitting procedure affected the ranking of model's performances by soil textural class. For example, the worst performance in terms of MXE and RMSE results was detected for the loam class when N = 8 data points were used and the sand one with N = 14 (Table 1) .
Finally, according to the RMSE < 0.03 criterion, satisfactory results were obtained for four textural classes (silt-loam, silty-clay-loam, clay, silty-clay) when a limited experimental information was used in the fitting procedure, which was a different result than the one obtained with N = 14 data points. Therefore, this investigation suggested that the number of data points used in the fitting procedure may have an appreciable impact on the detected model's performances. The number of measured particle-size fractions is a factor that should be taken into account when different investigations have to be compared. _33 18-11-2009 11:55 Pagina 36 
Conclusions
The aims of this study were to i) evaluate the ability of the HP and F models to fit 243 measured PSDs from a wide range of soil textures in Sicily, and ii) test the effect of the number of measured particle diameters on the fitting of the theoretical PSD. Each measured PSD was described by fourteen data points.
A three-parameter version of the F model, with fixed d f (0.001 mm) and d m (0.0001 mm) values, was found to be usable to describe the PSD.
Both the HP and F models performed better in fine-textured soils than in coarse-textured soils. However, the F model showed a better agreement with the measured PSDs than the HP model for a wide variety of soils. This result was not obvious, given that increasing the number of parameters cannot always guarantee improved performances. In conclusion, the F model with three estimated parameters was suggested for practical use in Sicily.
The parameter estimation of the F model was also carried out using only eight measured data pairs (six by sieving analysis and two by sedimentation analysis). Using a reduced experimental information increased the maximum discrepancy between measured and predicted frequencies and it also affected the ranking of model's performances by soil textural class and the detected goodness of the fitting in absolute terms. The number of measured particle-size fractions is a factor that should be taken into account when different investigations have to be compared.
SUMMARY
The soil particle-size distribution (PSD) is commonly used for soil classification and for estimating soil behavior. An accurate mathematical representation of the PSD is required to estimate soil hydraulic properties and to compare texture measurements from different classification systems. The objective of this study was to evaluate the ability of the Haverkamp and Parlange (HP) and Fredlund et al. (F) PSD models to fit 243 measured PSDs from a wide range of soil textures in Sicily and to test the effect of the number of measured particle diameters on the fitting of the theoretical PSD. For each soil textural class, the best fitting performance, established using three statistical indices (MXE, ME, RMSE), was obtained for the F model with three fitting parameters. In particular, this model performed better in the fine-textured soils than the coarse-textured ones but a good performance (i.e., RMSE < 0.03) was detected for the majority of the investigated soil textural classes, i.e. clay, silty-clay, silty-clay-loam, silt-loam, clay-loam, loamy-sand, and loam classes. Decreasing the number of measured data pairs from 14 to eight determined a worse fitting of the theoretical distribution to the measured one. It was concluded that the F model with three fitting parameters has a wide applicability for Sicilian soils and that the comparison of different PSD investigations can be affected by the number of measured data pairs. Keywords: Particle-size distribution, Particle-size distribution models, Soil physical properties.
List of symbols d
particle diameter (mm); d f parameter related to the amount of fines in a soil (mm); d g scale parameter of the HP distribution (mm); d m diameter of the minimum allowable particle size (mm); F i (d) frequency by weight; MXE statistical index (maximum error); ME statistical index (mean error); m shape parameter of the F model; N number of the measured pair of the PSD; n shape parameter of the HP distribution; n F parameter related to the steepest slope on the curve for the F model; P(d) fraction by weight of soil particles having a diameter less than or equal to d (mm); P i (d) probability corresponding to the frequency by weight F i (d); RMSE statistical index (root mean square error); α parameter designating the inflection point of the F model.
